Surface-state-dominated transport in crystals of the topological
  crystalline insulator In-doped Pb$_{1-x}$Sn$_x$Te by Zhong, Ruidan et al.
Surface-state-dominated transport in crystals of the topological crystalline insulator
In-doped Pb1−xSnxTe
Ruidan Zhong,1, 2, ∗ Xugang He,1, 3 John A. Schneeloch,1, 3 Cheng Zhang,1, 2 Tiansheng Liu,1, 4
Ivo Pletikosic´,1, 5 Qiang Li,1 Wei Ku,1 Tonica Valla,1 J. M. Tranquada,1, † and Genda Gu1
1Condensed Matter Physics and Materials Science Department,
Brookhaven National Laboratory, Upton, NY 11973, USA
2Materials Science and Engineering Department,
Stony Brook University, Stony Brook, NY 11794, USA
3Department of Physics and Astronomy, Stony Brook University, Stony Brook, NY 11794, USA
4School of Chemical Engineering and Environment,
North University of China, Shanxi 030051, China
5Department of Physics, Princeton University, Princeton, NJ 08544, USA
(Dated: September 18, 2018)
Three-dimensional topological insulators and topological crystalline insulators represent new
quantum states of matter, which are predicted to have insulating bulk states and spin-momentum-
locked gapless surface states. Experimentally, it has proven difficult to achieve the high bulk re-
sistivity that would allow surface states to dominate the transport properties over a substantial
temperature range. Here we report a series of indium-doped Pb1−xSnxTe compounds that manifest
huge bulk resistivities together with strong evidence of topological surface states, based on thickness-
dependent transport studies and magnetoresistance measurements. For these bulk-insulating mate-
rials, the surface states determine the resistivity for temperatures approaching 30 K.
A great deal of interest has been generated by the the-
oretical prediction and experimental realization of three-
dimensional (3D) topological insulator (TI) materials
[1, 2]. In certain semiconductors with strong spin-orbit
coupling effects, the chiral character of metallic surface
states is protected by time-reversal symmetry. A vari-
ety of 3D TI materials have been synthesized over the
last few years [3], and the existence of the topologically-
protected surface states has been experimentally con-
firmed [1]; however, none of these materials have exhib-
ited truly insulating bulk character.
Topological crystalline insulators (TCIs) are the ex-
tension of (TIs) whose exotic surface states are protected
by crystal symmetries, rather than by time-reversal sym-
metry [4]. There has been considerable excitement since
the first example, SnTe, was theoretically predicted [5]
and experimentally confirmed [6] to exhibit topological
surface states on {001}, {110} and {111} surfaces of the
rock-salt crystal structure. Soon after this discovery, the
topological surface states in the alloys Pb1−xSnxSe and
Pb1−xSnxTe have been verified by angle-resolved photoe-
mission spectroscopy (ARPES) [7–9], thus expanding the
range of relevant materials.
For applications in spintronics, it is important to have
the resistivity dominated by the topologically-protected
surface states. Substantial efforts have been made on the
TI material Bi2Se3 and its alloys to reduce the bulk car-
rier density; however, while it has been possible to detect
the signature of surface states in the magnetic-field de-
pendence of the resistivity at low temperature [10–12],
attempts to compensate intrinsic defects [13, 14] have
not been able to raise the bulk resistivity above 15 Ω cm.
Theoretical analysis suggests that even with perfect com-
pensation of donor and acceptor defects, the resulting
random Coulomb potential limits the achievable bulk re-
sistivity [15].
The solid solution Pb1−xSnxTe provides a fresh oppor-
tunity for exploration. The topological character changes
from non-trivial at x = 1 to trivial at x = 0, with
a topological quantum phase transition at xc ≈ 0.35,
corresponding to the point at which band inversion on-
sets [16–18]. In our previous investigation of indium-
induced superconductivity in Pb0.5Sn0.5Te single crys-
tals [19], we observed a non-monotonic variation in the
normal-state resistivity with indium concentration, with
a maximum at 6% indium doping. Further motivation
has come from older work [20] on various compositions
of (Pb1−xSnx)1−yInyTe. Hence, we have performed a
systematic study, growing and characterizing single crys-
tals with six Pb/Sn ratios (x = 0.2, 0.25, 0.3, 0.35, 0.4,
0.5) and a variety of In concentrations (y = 0–0.2).
Single crystal samples with nominal composition,
(Pb1−xSnx)1−yInyTe (xnom = 0.2–0.5, ynom = 0–0.2),
were prepared via the modified Bridgeman method.
Stoichiometric mixtures of high-purity elements [Pb
(99.999%), Sn (99.999%), In (99.999%), and Te
(99.999%)] were sealed in double-walled evacuated quartz
ampoules. The ampoules were heated at 950◦C in a box
furnace and rocked to achieve good mixing of the ingre-
dients. The crystal growth took place via slow cooling
from 950 to 760◦C in 1.5◦C/hr, followed by gradual cool-
ing to room temperature over another 3 days. Chemi-
cal composition values for x and y cited from here on
correspond to the concentrations measured by energy-
dispersive x-ray spectroscopy (EDS). Nearly rectangular
parallelepiped shaped samples were prepared by polish-
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FIG. 1. (color online) Temperature dependence of resistivity in (Pb1−xSnx)1−yInyTe for (a) x = 0.5, (b) x = 0.4, (c) x = 0.35,
(d) x = 0.3, (e) x = 0.25, and (f) x = 0.2; the values of y are labelled separately in each panel. For each value of x, indium
doping turns the metallic parent compound into an insulator, with low-temperature resistivity increasing by several orders of
magnitude. The saturation of resistivity at temperatures below 30 K suggests that the surface conduction becomes dominant.
ing, with a typical geometry of 5 mm long, 1.5 mm wide
and 0.5 mm thick. Electrical resistance was measured in
the standard four-probe configuration, using gold wires
and room-temperature-cured, fast-drying silver paint for
the ohmic contact on top side, performed with a Keithley
digital multimeter (model 2001), where a Quantum De-
sign Magnetic Property Measurement System was used
for temperature control. Measurement errors due to the
contact geometry are estimated to be less than 10%.
Sample thickness reduction is performed by sanding the
bottom surface with the top contacts remaining nomi-
nally constant. Long-term relaxation in bulk resistance
was observed in selected samples at low temperature, lim-
ited by the equilibration of carriers near In dopants [21].
All magnetoresistance measurements were conducted af-
ter waiting for several half-lives (generally, 5 days for 5 K
and 2 days for 20 K) so that the time-dependent compo-
nent was negligible.
The measured resistivities, ρ(T ), for all samples, char-
acterized by Sn concentration x and In concentration y,
are summarized in Fig. 1. For each value of x, one can see
that the resistivity of the parent compound (y = 0, black
open triangles) reveals weakly metallic behavior; further-
more, the magnitudes of ρ in the In-free samples depend
only modestly on x. With a minimum of ∼2% indium
doping, the low-temperature resistivity grows by several
orders of magnitude, and the temperature dependence
above ∼ 30 K exhibits the thermal activation of a semi-
conductor. The saturation of the resistivity for T . 30 K
is consistent with a crossover to surface-dominated con-
duction.
The maximum resistivities, surpassing 106 Ω cm, are
observed for x = 0.25–0.3. Even for x = 0.35, doping
with 6% In results in a rise in resistivity of 6 orders of
magnitude at low temperatures; higher In concentrations
tend to result in a gradual decrease in ρ. With increasing
y, one eventually hits the solubility limit of In. Exceeding
that point results in an InTe impurity phase, which is
superconducting below 4 K and appears to explain the
low-temperature drop in resistivity for x = 0.4 and y =
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FIG. 2. (color online) Temperature dependent resistance of (a) (Pb0.8Sn0.2)0.94In0.06Te, (b) (Pb0.7Sn0.3)0.98In0.02Te, and
(c) (Pb0.65Sn0.35)0.98In0.02Te for varying sample thickness d. At high temperature, the resistance increases with decreasing
thickness, while it becomes independent of d at low temperature, consistent with conduction by surface states.
0.16 illustrated in Fig. 1(b).
Past studies [21, 22] of various transport properties in
Pb1−xSnxTe and the impact of In doping provide a basis
for understanding the present results. For In concentra-
tions of . 0.06, the In sites introduce localized states at
a sharply defined energy that pins the chemical poten-
tial. In a small range of Sn concentration centered about
x = 0.25, the chemical potential should be pinned within
the band gap. Hence, the very large bulk resistivities
observed for x = 0.25 and 0.3 are consistent with truly
insulating bulk character.
Next, we test that the saturation of the resistivity at
low temperature is due to surface-state conductivity. Fol-
lowing a recent study [23] of topological surface states in
SmB6, we take advantage of the fact that the resistance
due to surface transport should be independent of sam-
ple thickness, whereas the resistance from bulk trans-
port should be inversely proportional to the thickness.
Figure 2 shows measurements of resistance vs. tempera-
ture for various thicknesses of three different samples. In
each case, one can see that the resistance is essentially
independent of thickness at low temperature, consistent
with surface transport, whereas it increases with reduced
thickness at higher temperatures, as expected for bulk
transport.
A common test of the topological character of surface
states involves measurements of magnetoresistance (MR)
at low temperature [24]. The symmetry-protected cou-
pling of spin and momentum for surface states makes
them immune to weak localization effects. Application
of a transverse magnetic field violates the relevant sym-
metries [25], thus removing the topological protection
and leading to a field-induced increase in resistance.
Figure 3(a) shows data for ∆R = R(B) − R(0) mea-
sured at several temperatures for a magnetic induction
of |B| ≤ 7 T applied perpendicular to the surface of
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FIG. 3. (color online) (a) Magnetoresistance ∆R at T = 5,
20, 30 and 50 K for a (Pb0.65Sn0.35)0.98In0.02Te sample, with
perpendicular magnetic field of |B| ≤ 7 T. The WAL signature
is observed at temperatures lower than 30 K. (b, c) Magneto-
conductance, ∆G = ∆(1/R), of the (Pb0.65Sn0.35)0.98In0.02Te
sample measured at 20 K and 5 K, respectively. Lines repre-
sent fits to Eq. (1), as discussed in the text. (d) Magnetocon-
ductance of the (Pb0.5Sn0.5)0.94In0.06Te sample measured at
5 K. The line is a fit to Eq. (1) together with an additional
−B2 term.
the (Pb0.65Sn0.35)0.98In0.02Te sample. At temperatures
of 30 K and below, the field dependence of the resistance
has a form qualitatively consistent with that expected
for weak anti-localization (WAL) of two-dimensional elec-
tron states.
4To be more quantitative, we convert the data to con-
ductance, G, and compare with the theoretical formula
for WAL [26],
∆G =
α
pi
e2
h
[ln(Bφ/B)− ψ( 12 +Bφ/B)], (1)
where ψ is the digamma function and α is a number
equal to 1/2 times the number of conduction channels;
Bφ = Φ0/(8pil
2
φ), with Φ0 = h/e and lφ being the elec-
tronic phase coherence length. For our system, one ex-
pects 4 Dirac cones crossing the Fermi surface [27, 28],
which would give α = 2. Figure 3(b) shows that we get a
good fit to the 20-K data for the x = 0.35, y = 0.02 sam-
ple with α = 0.37 and lφ = 51 nm. Moving to T = 5 K in
Fig. 3(c), the low-field data can be described by keeping
α fixed and increasing lφ to 58 nm; however, the data also
exhibit a large oscillation about the calculated curve for
|B| > 0.2 T. This may be due to a Landau level crossing
the Fermi energy [25]. Turning to the x = 0.5, y = 0.06
sample, the 5-K data in Fig. 3(d) are well described by
the WAL formula for |B| < 1 T, with α = 2.25 and
lφ = 100 nm, but at larger |B| we need an additional
component that varies as −B2. The latter contribution
might come from bulk states. In any case, for the sam-
ples tested, we have reasonable evidence for topological
surface states. We note that measurements on samples
with x = 0.3 < xc indicate the absence of a robust WAL
response.
We conclude that crystals of In-doped Pb1−xSnxTe
with a variety of compositions exhibit true bulk-
insulating resistivity and metallic surface states that are
topologically-protected for x & 0.35. This allows one
to exploit the unusual properties of the surface states
in transport measurements without the need to apply
a bias voltage to the surface. Looking ahead, it is de-
sirable to investigate the dispersion of the surface states
with techniques such as angle-resolved photoemission[29].
There is also strong interest in inducing topological su-
perconductivity at surfaces or interfaces [2], and we note
that there are exciting possibilities to create interfaces
between the present topological insulators and supercon-
ductors of closely related alloys [19, 30], such as In-doped
SnTe and Pb0.5Sn0.5Te.
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